Polycyclic aromatic hydrocarbons (PAHs) are a group of organic compounds with a structure consisting of carbon and hydrogen atoms that have more than two fused aromatic rings. Most PAHs have carcinogenic effects on animal or humans and induce various cancers. Polycyclic aromatic hydrocarbons are a consequence of environmental pollutants, imperfect burning or pyrolysis of organic substances during industrial processing. Additionally, foods can be contaminated during their processing and preparation through different heat treatments. This review highlights the formation, occurrence and health impacts of PAHs in milk and milk products, and analytical technique used for their determination in dairy products.
INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are a class of carcinogenic organic compounds containing carbon and hydrogen atoms that have more than two fused benzene rings. Polycyclic aromatic hydrocarbons are generated from incomplete burning of organic substances in natural and anthropogenic processes. The US Environmental Protection Agency (EPA 2006) has published a list of important pollutants including 16 PAHs (Table 1) (Kishikawa et al. 2003) . Polycyclic aromatic hydrocarbons with five or more aromatic rings are known as heavy PAHs, whereas those containing less than five rings are denoted as light PAHs. Heavy PAHs are more stable and toxic than the other group.
The major health-related concern is the fact that laboratory experiments have shown that some PAHs are highly carcinogenic and related to various cancers, especially breast, lung and colon. After consumption of PAHs in foods, PAHs can undergo metabolic activation in mammalian cells to form diol-epoxides that adhere to macromolecules such as DNA, inducing disorders in its replication and mutations, generating the carcinogenic process (Martorell et al. 2010; Iwegbue et al. 2015) .
According to International Agency of Research on Cancer (IARC), PAHs are classified into five groups (Group 1-carcinogenic to humans; Group 2A-probably carcinogenic to humans; Group 2B-possibly carcinogenic to humans; Group 3-not classifiable as to its carcinogenicity to humans and Group 4-probably not carcinogenic to humans). Benzo [a] pyrene (BaP) is one of the most carcinogenic compounds of the PAHs. In the last 10 years, it was changed from Group 2A to Group 1. Other compounds such as chrysene (CHR) have been changed from Group 3 to Group 2B, and benzo [a] anthracene (BaA) was regrouped from 2A to 2B (IARC 2010; Ishizaki et al. 2010 Ishizaki et al. , 2011 [g,h,i] perylene [BghiP] , and indeno [1,2,3-c,d ]pyrene [IP] ) as the most suitable indicator of PAH in foods (EFSA 2008) .
These compounds have a lipophilic nature and accumulate in foods with high-fat-content (Esposito et al. 2015; Singh and Agarwal 2018) . Smokers are more exposed to PAHs through smoking, but nonsmokers are also not protected from the dangers of these compounds (Rengarajan et al. 2015) . The main source of PAHs for nonsmokers, in addition to environmental sources such as air, soil and water, is food (Duedahl-Olesen et al. 2010; Ishizaki et al. 2010 Ishizaki et al. , 2011 Domingo and Nadal 2015; Yousefi et al. 2018) . Dietary intake of PAHs is the major route for human exposure (Xia et al. 2010) . Although several hundreds of polycyclic aromatic hydrocarbon exist, most studies have investigated just 16 of these compounds (Domingo and Nadal 2015; Domingo 2017) .
Milk and dairy products are widely used in human diet and they are more important for children and elderly people due to the high consumption in their diet. On the other hand, these products can be contaminated by various hazardous compounds; therefore, food safety management systems based on good manufacturing practices (GMPs) and standard sanitation operating procedures (SSOPs) are considered to be the preliminary steps in the development of the hazard analysis and critical control point (HACCP) systems in dairy industries (Cusato et al. 2013; Carrascosa et al. 2016; Mohammadi et al. 2016) . Several types of milk and dairy products with various fat contents exist in the market. Since PAHs have a lipophilic nature, they can accumulate in the food chain, especially in foods with higher fat content. On the other hand, foods with animal sources are known as one of the main PAH sources, such as milk and dairy products. Ingestion of contaminated feed and grass near industrialised areas, as well as the contaminated soil that is ingested along with the grass, leads to high levels of PAHs in milk from ruminants (Grova et al. 2002; Kishikawa et al. 2003; Lee et al. 2015) . There are few studies (Martorell et al. 2010 ). Therefore, PAHs transfer into foods via several ways, including vegetables and fruits cultivated in contaminated soils, the ingestion of fish and seafood from polluted oceans and consumption of contaminated milk and beef. Furthermore, PAHs in food can also derive from industrial food processing such as smoking processes, drying and heating. Other factors such as packaging materials and some home cooking methods, for example roasting, baking, frying and grilling, produce PAHs (Park and Penning 2009; Domingo 2017) . The normal temperature used in cooking of foods is 150-300°C, which produces PAH compounds, therefore by consuming foods prepared by these methods, PAHs can be absorbed into the body. Depending on the factors such as time and temperature of heat treatment, distance from the heat source, type of the fuel used (coal, oil, gas, wood, garbage or other organic substances), fat content of the foods and utilisation of smoke in food processing, different levels of PAHs are generated in food products (Garcia-Falcon and Simal-Gandara 2005; Duedahl-Olesen et al. 2010; Ozcan et al. 2011; Luzardo et al. 2013; Esposito et al. 2015; Singh et al. 2016) . In the pyrolysis reaction, PAHs are produced via pyrosynthesis. In this reaction, radicals react with alkanes, alkenes and aromatic acids to create larger ring structures. Cooking temperature affects pyrolysis reaction. At temperatures lower than 400°C, only small amount of PAHs are present, but at temperatures above 400°C, the levels of PAHs increase (Chen and Chen 2001; Singh et al. 2016) . Figure 1 demonstrates the formation of PAHs in various food processes and their potential health effects. The occurrence and concentration of PAHs in dairy products depend on the type of product and processing method, factors, such as temperature, the type of combustible material and oxygen level and the type of smoke generator used (Liu et al. 2008; Duedahl-Olesen et al. 2010; Singh et al. 2016) . The highest PAH level has been reported in smoked cheeses due to the their high content and smoking process. On the other hand, the occurrence and concentration of PAHs are higher (about 10-fold) in homemade smoked cheese compared to industrial smoked cheese (Esposito et al. 2015; Singh et al. 2016) . Other dairy products derived from cows' milk have shown lower concentration of PAHs than smoked cheese. The occurrence of contamination in such products is due to the feeding of cattle with PAH-contaminated grass (Lutz et al. 2006) . Luzardo et al. (2013) evaluated, among other persistent organic pollutants (POPs), the PAHs in 117 dairy products including milk, cheese, yoghurt and butter that were randomly acquired from the markets of the two capitals of the Spanish region of the Canaries in 2012. The highest levels of PAHs were determined in milk and cheese samples. The estimated food intake for the sum of the 16 PAHs was 65.6 ng/kg b.w./day for children and 35.2 ng/kg b.w./day for adults for milk and 16.7 ng/kg b.w./day for children and 8.8 ng/kg b.w./day for adults in the case of cheeses. When considering the carcinogenic potential of these intakes, the calculated values are associated with an increase of 1.6/10 6 in the risk of developing cancer in an adult and 1.9/10 6 in children. It was noted that dairy products could account for almost double of acceptable daily intake of PAHs and be considered responsible for the increased risk of cancer. Abramsson-Zetterberg et al. (2014) reported the concentration of BaP and PAH4 (BaP, chrysene, benzo[b] fluoranthene and benz [a] anthracene) in various foods consumed in Sweden. It was observed that mean intakes of BaP and PAH4 by Swedish populations were estimated at 49 and 270 ng/person per day, respectively, where the following products stood out in the contribution of total consumption of PAHs: sugar and sweets, cereals, meat and dairy products (milk, sour milk, yoghurt, cream, hard cheese, processed cheese, cottage cheese). Another dairy product with a high PAH level is infant formula due to the drying process used in the manufacture of this product. In the following subsections, the occurrence of PAHs in milk and dairy products is explained (Salgueiro et al. 2009; Iwegbue et al. 2014) . The mean concentration of PAHs in various dairy products is presented in Table 2 .
Fluid milk
Milk and milk products are biologically suitable matrices for bioaccumulation of environmental toxic compounds and these compounds can be delivered to human body and consequently influence the health and well-being of children. Naccari et al. (2011) . Moreover, they showed that the presence of PAHs in raw milk was lower (5.428 ng/g of milk) than pasteurised samples (6.519 ng/g of milk). Also, UHT whole milk samples (7.753 ng/g of milk) contained higher level of PAH than UHT semiskimmed milk (5.941 ng/g of milk), possibly due to the higher fat content of UHT whole milk samples. The results are in accordance with other studies (Aguinaga et al. 2007) , although in other studies different PAHs such as naphthalene, acenaphthylene, acenaphthene, fluorene (Grova et al. 2002; Aguinaga et al. 2007 ) and benzo(b) fluoranthene (Kishikawa et al. 2003; Aguinaga et al. 2007) were found. The diversity of PAHs in milk can be ascribed to contamination sources in the region of milk production. The presence of phenanthrene, anthracene, pyrene, benzo(a)anthracene, benzo(a)pyrene and benzo(ghi,)perylene in milk is related to environmental pollution while chrysene and benzo (k)fluorene are found only in pasteurised and UHT milk samples, suggesting that the heat treatment used may be effective in the formation of PAHs (Dennis et al. 1991; Naccari et al. 2011) . In a study carried out in Canada, the concentration of 5 PAHs (BaA, BbF, BaP, DahA and IcdP) in milk samples ranged from ND to 1.9 lg/kg (Lawrence and Weber 1984) . Iwegbue and Bassey (2013) 
Milk-based baby foods
The presence of PAHs in milk-based baby foods has been explored in different studies (Kishikawa et al. 2003; Aguinaga et al. 2007; Santonicola et al. 2017) . According to Santonicola et al. (2017) , the incidence of BaA and BkF in milk-based baby food was 1.28, 2.45 and 25.86 lg/kg, respectively, probably due to an increase of pyrolytic emissions. The results showed a potential risk for high-level consumers' health through the consumption of milk-based baby foods. Generally, the levels of carcinogenic BaP, DBahA, 
Yoghurt
In a study carried out by Soceanu et al. (2016) , the amounts of PAHs in yoghurt sample mixed with biscuit (a type of flavoured yoghurt) were investigated. The level of PAHs detected in this product was 118.31 mg/kg, which was Isotope dilution highresolution mass spectrometry (HRMS) combined with highresolution gas chromatography (HRGC) Martorell et al. (2010) probably due to the presence of the contaminated cereals used in biscuit (Falco et al. 2003; Soceanu et al. 2016) . The use of heat treatment and high temperature during cereal processing might have influenced the PAH levels. Lee et al. (2015) . Butter is another product, which due to its high-fat content and lipophilic properties of PAHs can be a challenging subject. Unfortunately, to the best of our knowledge, there is not any study into the presence of PAHs in butter, except for one report investigation by Stenerson (2015) that focused on two solid-phase extraction methods analyses of PAHs in butter; Supelclean EZ-POP NP methods and using large silica gel SPE.
Smoked cheese
Smoking of foods is one of the oldest procedures of protection (Esposito et al. 2015) . Polycyclic aromatic hydrocarbons can be formed during traditional smoking if the condition of smoking is not controlled and the food is in direct contact with smoke (Pagliuca et al. 2003) . However, many countries such as Germany, Austria and the Czech Republic have recognised a legal limit of 1 mg/kg for B[a]P in smoked foods (Conde et al. 2005; Lorenzo et al. 2010) . Nevertheless, nowadays foods are smoked for their sensory qualities, particularly taste, colour and texture, and product variation in the market rather than its application as a preservation method and increasing shelf life (Esposito et al. 2015) . Cheese is one of the most popular dairy products, which is a good source of nutrients such as proteins, vitamins, minerals, short-chain fatty acids and certain trans-fatty acids that can offer various health benefits . Among the various smoked foods, cheese occupies a prominent place (Esposito et al. 2015) . Cheese smoking is usually carried out in both households and on an industrial basis, which in this case, the method and level of smoke used are important. Usually, the condition of smoking methods can affect the level of PAHs in smoked foods (Toth and Potthast 1984) . Generally, different kinds of wood are used in the production of smoked foods. In one study, results showed that the concentration of PAHs both from softwood (pine) and from hardwood (beech) was very similar (Potthast 1979) , whereas Larsson (1982) indicated that the high molecular PAHs were relatively more abundant in spruce and juniper smoked samples. In a study by Suchanova et al. (2008) , PAHs were determined in 36 smoked cheeses. The results showed that industrial methods of smoking (friction smoke and wood burning) led to a slight increase in PAH levels compared to unsmoked cheese, but the highest PAH level was formed in homemade cheese. The high level of PAHs in these cheeses was attributed to the deposition of solid smoke particles on cheese surface and direct contact of smoke with cheese. In addition, analysis of PAH occurrence in the surface of smoked cheese in comparison with whole cheese has been performed by Guill en and Sopelana (2004) . They established that the PAH contamination of the surface of the smoked cheese was higher than in the whole cheese. This observation is in agreement with the results obtained by Suchanova et al. (2008) . They reported that the level of PAHs in surface layers in thickness of 1-2 mm was three to six times higher compared to the inside part of the cheese. According to these results, removing the 1-to 2-mm surface layer from the smoked cheese reduces around 50-100% of PAH contamination in the certain product.
There are many studies showing that the condition of smoke generation significantly influences the level of PAHs in smoked cheese (Gul et al. 2015) . Esposito et al. (2015) determined the concentrations of BaP, BaA, Chry, BbF, BkF and dBahA in smoked Mozzarella produced in Campania. The results showed that the type of smoking process used (type of wood or other smoke-generating materials) affects the contamination by PAHs, stressing the need to specify maximum levels for BaP and PAH4 (PAH4: benzo [a] pyrene, benzo [a] anthracene, benzo [b] fluoranthene and chrysene) in smoked cheese. Thus, in order to promote food safety, the application of commercial liquid smoke is preferred to traditional smoking methods as there is no contamination in the case using liquid smoke. Naccari et al. (2008) studied the level of BaP and BaA in samples of 'Provola' cheese from Calabria, which were smoked using a natural method and commercial smoke flavouring. A comparative study of the levels of these PAHs was done on specific parts of the cheese: rind, exterior zone, core and slice. The analysis was performed with HPLC using fluorescence detection. Levels of BaP and BaA were identified and quantified in all Provola cheese samples. However, greater concentrations were obtained in naturally smoked cheeses (0.46-1.13 lg/kg for BaP and 1.38-9.29 lg/kg for BaA) compared to the smoked samples using commercial flavouring (0.085 a 0.32 lg/kg for BaP and 1.20-2.98 lg/kg for BaA), concluding that the use of commercial flavouring smoking is still preferable. Guill en and Sopelana (2004) recommended that the smoking process should be controlled with regards to the temperature of wood pyrolysis, and the smoking chamber should be kept clean to avoid additional contamination of cheese, and also to remove the rind part of the cheese before consumption. Guill en et al. (2000) investigated the effect of wood type on the PAH content of smoke flavourings in smoked cheese. They achieved five liquid smoke flavourings from dry sawdust of various sources of wood and found that the flavouring from poplar wood presented the highest number and level of both total and carcinogenic PAHs. The high solubility of PAHs in lipids and the high percentage of fat in cheese led to these contaminants being easily retained during the smoking process (Guill en and Sopelana 2004).
ANALYTICAL METHODS FOR PAH DETERMINATION IN MILK AND MILK PRODUCTS
In analytical methods for analysis of PAHs in foods, several parameters such as extraction, clean-up, detection and validation should be considered. Figure 2 presents some extraction methods for PAHs in milk and dairy products.
The methods used for determination of PAHs in dairy products include HPLC-FLD (Kishikawa et al. 2003; Santonicola et al. 2017) , high-performance liquid chromatography-ultraviolet detection (HPLC-UV) (Lin and Zhu 2004; Lin et al. 2005; Corredera et al. 2011; Liu et al. 2011; Kumari et al. 2012 ) and gas chromatography-mass spectrometry (GC-MS) (Aguinaga et al. 2007; Sanagi et al. 2013; Lee et al. 2015) or gas chromatography-tandem mass spectrometry (GC-MS/MS) (Veyrand et al. 2007; Corredera et al. 2011 ) depending on the nature of the sample and its volatility. The procedure of sample preparation such as liquid-liquid extraction, solid-phase and soxhlet saponification with methanolic KOH solution (Lee and Shim 2007) is actually difficult and time-consuming and requires the use many solvents. In solid samples, PAHs can be extracted by the Soxhlet method (Bordajandi et al. 2004; Salinas et al. 2010 ) and many organic solvents can be utilised. Although this extraction method is efficient for many samples, it needs large volumes of solvents (about 300 mL), is timeconsuming (6-24 h) and the operation is complicated, and therefore it is not suitable for exact extraction of PAHs. An alkaline saponification with methanolic KOH or ethanolic NaOH is used for releasing the bound PAHs or lipid removal, but these conditions might lead to degradation of PAHs or their loss in the alcoholic phase. For these reasons, solvent extraction methods have been established, including ultrasound-assisted extraction (UAE) (Guill en and Sopelana 2004; Guill en et al. , 2011 Lin et al. 2006; Perugini et al. 2009; Ishizaki et al. 2010 Ishizaki et al. , 2011 Kataoka et al. 2010; Wang and Guo 2010; Liu et al. 2011; Singh and Vashishth 2011) , microwave-assisted extraction (MAE) (Pena et al. 2006) , pressurised-liquid extraction (PLE) (Veyrand et al. 2007; Duedahl-Olesen et al. 2010) headspace solid-phase microextraction (HS-SPME) (Guill en and Sopelana 2005) and direct-immersion solid-phase microextraction (DI-SPME) (Doong et al. 2000) . Furthermore, usually during the analysis of the samples, many other ingredients and components are coextracted. In plants, natural pigments, essential oils and animal tissue, lipids are the most common components that interfere with the sample. Therefore, validation of any method is very important to achieve the best results for PAH analysis of samples.
The procedures used for extraction of PAHs from food are critically dependent on the nature of the sample. A clean-up step for removing coextracted components that interfere with PAHs should be carried out. Usually in dairy products, the clean-up step is performed by column chromatography (Alomirah et al. 2011), gel permeation chromatography (GPC) (Fontcuberta et al. 2006 ) and solidphase extraction (SPE) (Pagliuca et al. 2003; Sopelana 2004, 2005; Guill en et al. , 2011 . Column chromatography for clean-up is usually done by silica gel (Alomirah et al. 2011) . Size exclusion chromatography (SEC) has been applied after Soxhlet extraction (Gilbert-L opez et al. 2009 ). Solid-phase extraction is a simple preparation method used to extract analytes from liquid components. Solid-phase extraction is based on the separation of complexes between a solid adsorbent and a liquid mobile phase (Gilbert-L opez et al. 2009; N uñez et al. 2012) . The high amount of solvents (about 200 mL) required for this method is the main problem. Recently, techniques using SPME and in-tube SPME have been developed due to the decrease in required solvents, low cost and short time of procedure (30-60 and 20 min, respectively) as well as being easily automated.
We z grzyn et al. (2006) modified the analytical method used for PAH determination in milk powder and cottage cheese samples. Three methods were used for sample preparation including liquid-liquid extraction (LLE), SPE and SEC followed by reverse-phase HPLC with fluorescence detection for PAH determination. The results showed that SEC is the practical method for isolation of PAHs compared to the other two methods because LLE and SPE were not efficient in removing fat residues from samples that caused significant backpressure in the analytical column and attenuated retention reproducibility. Moreover, SEC is a fast, sensitive and selective method for determination of PAHs. Naccari et al. (2011) studied PAH level in heat-treated milk samples. Quantitative determination of PAHs was performed by HPLC using a fluorescence detector and offered a good selectivity and separation of the 16 PAHs analysed. All PAHs were detected by fluorescence, using specific emission and excitation wavelengths for each compound, leading to good detection limits, except acenaphthylene [ACEN] and indeno(1,2,3-cd)pyrene [I(c,d )P] since these compounds were not fluorescent. Likewise, they found that among ionisation techniques used for the analysis of PAHs in nonvolatile matrices, APCI (atmospheric pressure chemical ionisation) coupled with high-performance liquid chromatography is undoubtedly a more suitable technique for the analysis of these molecules (Anacleto et al. 1995) . Aguinaga et al. (2007) investigated 16 PAHs in milk and milk products using solid-phase microextraction and GC-MS. They found that SPME-GC-MS to be a suitable method for detection of 16 PAHs in milk and milk products. By selecting SPME method for PAH analysis in milk and dairy products, sample preparation using organic solvents and clean-up steps were not required. Stenerson (2015) compared two solid-phase extraction methods (Supelclean EZ-POP NP and large silica gel SPE) for the analysis of PAHs in butter. It was stated that Supelclean EZ-POP NP was used as part of an extraction and clean-up procedure for the analysis of PAHs in butter by GC/MS in selected ion mode (SIM) followed by secondary clean-up by silica gel. This method led to an extract produced with low GC/MS background that could be analysed on a single quadrupole instrument, better recoveries and excellent reproducibility.
The major limitation of UV detection is its low selectivity and sensitivity when compared to FLD and MS. Many interferers present in the matrix absorb radiation in the UV region making separation difficult. Except for acenaphthylene, UV detection has no sensitivity to determine PAH at concentrations of lg/kg in dairy matrices. Therefore, FLD is more selective and sensitive than UV detection. Since the HPLC-FLD technique is a cheap and simple method for detection of PAHs in foods, it is widely used compared to mass spectrometry method. On the other hand, FLD cannot determine Nap, Acy, Acp and Flr, so GC-MS and GC-MS/MS are used extensively due to their high sensitivity and selectivity and ability to detect the aforementioned substances.
Validation ensures reliability of results. The performance criteria of an analytical method established in Commission Regulation EU 836/2011, Eurachem Guide 2014 and ISO 5725-5:1998 might be evaluated for analysis of PAHs in dairy matrices. The main criteria are selectivity, linearity, limits of detection (LOD), limits of quantification (LOQ), precision, accuracy and recovery (ISO 1998; Commission of the European Communities 2011).
CONCLUSIONS
Avoiding exposure to PAH compound is a high priority issue due to the carcinogenic and mutagenic potential of these compounds. This review presented recent literature about PAHs in milk and dairy products despite of limited number of studies in this respect. The occurrence of PAHs in food, especially dairy products, is attributed to polluted grasses and plants in livestock feeding, and processing such as the drying, roasting, heating or smoking used in food manufacture. Moreover, due to the lipophilic character of PAHs, they can be found at higher levels in full-fat dairy products. The presence of PAHs in baby foods and milk products can be a major health risk since they use higher levels of these products and are more sensitive. The analysis method is necessary for obtaining clear and valid results. The SPME method followed by GC-MS is the most used method for PAH quantification in milk and milk products. Factors that should be considered in choosing an appropriate sample preparation method depend on the type of sample matrix and the analytical method. Other factors such as the required extraction time, efficiency, a suitable solvent, cost and easy operation should be also considered. 
